We present near infrared polarimetry data of background stars shining through a selection of starless cores taken in the K band, probing visual extinctions up to A V ∼ 48. We find that P K /τ K continues to decline with increasing A V with a power law slope of roughly -0.5. Examination of published submillimeter (submm) polarimetry of starless cores suggests that by A V 20 the slope for P vs. τ becomes ∼ −1, indicating no grain alignment at greater optical depths.
Introduction
Dust grain alignment in protostellar environments is closely linked to both magnetic fields and the physical parameters of the dust grains in these regions. Since the discovery of polarized starlight by Hiltner (1949) and Hall (1949) , interstellar polarization has provided clues about the role that magnetic fields play in star formation (Crutcher 2004 ). The polarization caused by transmission through a medium with asymmetrical, aligned dust grains can be directly related to the orientation of the magnetic field in the plane of the sky. Also, polarization (and extinction) measurements teach us about the size distribution, shape and structure of the dust grains themselves ).
We know from observations that spinning, asymmetric dust grains align with their long axes perpendicular to the surrounding magnetic field (Jones 1996; Lazarian 2003) . In fact, Hiltner (1949) first suggested this connection. Depending on whether the polarization is in transmission or emission, the observed polarization is either parallel or perpendicular to the magnetic field, respectively. However, despite years of research and theoretical work, we still do not have a comprehensive model of how the dust grains are actually aligned.
Evidence is strong that in the very diffuse ISM grain alignment is nearly perfect.
Computations using infinite cylinders by Mathis (1986) reproduce the wavelength dependence of the polarization assuming perfect alignment of the large silicate grains.
at wavelengths from the Near-IR though the submm, we can work at these very high visual optical depths. The fractional polarization as a function of extinction for various wavelengths can provide clues about grain alignment along these heavily extinguished lines of sight.
The grain alignment efficiency has been measured primarily by studying the fractional polarization divided by optical depth (P/τ ) in both diffuse and dense regions. Goodman et al. (1992) observed that this ratio in dark clouds was significantly lower than in the diffuse ISM when viewing background field stars. Goodman et al. (1995) and Arce et al. (1998) later suggested that beyond A v ∼ a few, the grains in cold dark clouds could not polarize background field stars at all. However, a different data set presented by Gerakines et al. (1995) showed that for background field stars, P/τ decreases with extinction, but does not go to zero. In fact, an extensive analysis by Whittet et al. (2008) shows that P/τ decreases roughly as τ −0.5 in most dark clouds, but does not fall as τ −1 , which would indicate the complete absence of grain alignment at the higher optical depths. Clemens (2012) used H band polarimetry results using Mimir (Clemens et al. 2007) to study the magnetic field geometry and fractional polarization in a study of the L183 Starless Core. He finds that compared to the relatively unextincted surrounding stars, the reddened stars show no increase in polarization with extinction, suggesting that all of the polarization is induced in the outer layers of the cloud. These results probe extinctions up to A V ∼ 14 and do not penetrate the cloud core. Clemens (2012) does, however, find clear evidence for an influence from the presence of the inner core of L183 on the magnetic field in the outer regions. Alves et al. (2014) studied the optical, Near-Infrared and submm polarimety of a starless core in the Pipe Nebula. They find that P/τ for the Near-Infrared polarimetry initially drops with a slope of τ −1 , but beyond A V ∼ 10 becomes more shallow with a slope of τ −.34 .
Polarization observations along lines of sight to embedded young stellar objects (YSOs), however, complicate the picture. For these stars, the steep decline in P/τ with increasing A V is not seen (Jones 1989; Whittet et al. 2008) . For embedded YSOs, the trend in P/τ can be explained by assuming complete grain alignment, but with the inclusion of turbulence in the magnetic field geometry Jones 1989) . In other words, the grains along a line of sight to an embedded YSO appear to be well aligned, but not so along a line of sight to a background field star seen through molecular cloud material with no internal source of optical or Near-IR radiation.
In this paper, we present K band polarization and J, H, K photometry of background stars extincted by starless cores. Compared to previous measurements at somewhat lower Whittet et al. 2008; Clemens 2012) , we see evidence for a further decrease in grain alignment for A V 20. Combining these results with an analysis of submm polarization data compiled from the SCUBA legacy project there is good evidence that grain alignment drops to zero at optical depths greater than A V ∼ 20.
Data

Source Selection for Observations
Most of the molecular cores selected for NIR polarization observations were chosen for their high submm flux (Kirk et al. 2005 or for their pre-existing submm polarization maps, such as CB3 (Ward-Thompson et al. 2009 ), L43, L183, and L1544 (Ward-Thompson et al. 2000 Crutcher et al. 2004 ). These submm observations allow us to make comparisons of the polarization at different wavelengths (K band in extinction vs with the 1.6 m Ritchey-Chrétien telescope and the CPAPIR Near IR camera (Artigau et al. 2004 ). The data were obtained in the J, H, and K s bands in queue observing mode (Artigau et al. 2010) Typical errors for the OMM photometry are ±0.03 mag. for K < 16 and H < 16.5.
These photometric errors are much less than the errors in fractional polarization and conversion of H − K to A V , and are not given in Table 2 . Note that the OMM field of view (∼ 25 ′ ) is far larger than the angular size of the target starless cores (∼ 1 ′ ), and we used the photometry only for sources that were very red and close to the center of the starless core (see end of 3.1).
IRTF Polarimetry
Observations were taken at the Infrared Telescope Facility (IRTF) using NSFCAM2 (Shure et al. 1994) in polarimetry mode (Jones 1997) . Observations were taken during the nights of January 10-12 2010, July 3-5 2010, June 3-5 2013. Source selection was made based on a combination of red H − K colors and K magnitudes taken from the photometry described in the previous section. All polarimetry observations were taken in the K band.
For the polarimetry measurements, a half-wave plate was stepped to four different positions: 0 • and 45
• corresponding to Stokes Q, and 22.5
• and 67.5
• corresponding to Stokes U. The data analysis procedure is described in Jones (1997) . We had a seeing of 0.9 ′′ , FWHM during the observations. All of the reduced polarimetry was corrected for polarization bias (Wardle & Kronberg 1974) .
Three types of calibrators were observed. We observed BN and AFGL2591 to calibrate the polarization position angle. NGC4147 and M75 were observed to calibrate the instrumental polarization (P I ) across the entire field of view. The P I measurements were complemented by observing unpolarized standard stars HD90508, HD20194, and HD203856. A list of observing runs is given in Table 1 and the results of our observations are summarized in Table 2 for those stars with measurable fractional polarization at K (P/σ P > 3). The column labeled ǫP is the error in P after correction for polarization bias.
The conversion between A V and τ K is given in Section 3.
Both stars in our K band observations in L183 are present in the H band data set from Clemens (2012) . The position angles agree nicely for both stars, but for star # 21 in Clemens' list, our H − K color is a bit redder and the fractional polarization at K a bit higher than expected.
Other Data
We include data from three other sources in Table 2 . First, we include K band polarization of the Bok Globules B118 and B361, taken from Klebe & Jones (1990) . We have combined our new observations of B133 with results from Klebe & Jones (1990) .
The one source in B335 was observed similarly to that of Klebe & Jones (1990) , but was previously unpublished, and is presented here for the first time. For those sources not observed with OMM, colors were obtained from Klebe & Jones (1990) or 2MASS (Skrutskie et al. 2006) . Finally, for the single source in L1544, we obtained the J magnitude from deep imaging using LUCI on the LBT (Seifert et al. 2010) . colors confirms that these stars have a steep rise in flux beyond 3 µm and it is likely that the H − K color is contaminated by thermal emission. For these three sources, we use the J − H color to determine the extinction through the cloud (see Notes in Table 2 ). Note that the reddest source extends our data set to A V ∼ 48.
Results
We compute the visual extinction A V from the JHK colors using the formula in Jones magnitudes. For the three stars where we were forced to use E(J − H), the error in the color could be as much as 0.7 magnitudes, corresponding to an error of A V = 7 if the source is an early type star. Since early type stars are relatively rare in the field at Near-Infrared wavelengths (Jones et al. 1981; Garwood & Jones 1987 ) and less likely to have an infrared excess compared to dusty red giants, we have not tried to make any corrections to these sources. These three sources are plotted with a different symbol in Figures 2 and 5.
We will use the quantity A V to act as a proxy for τ K since it is so commonly used as an extinction parameter in previous studies. We understand that there is evidence that the color excess E(J − K) does not obey a simple linear correlation with the total dust column in lines of sight that intercept dense clouds (Whittet et al. 2013 ). However, we are ratioing the fractional polarization to the extinction at K, not the mass column density of dust along the line-of-sight. For the purpose of this analysis, we will assume the E(H − K) color does linearly track the optical depth at 2.2 µm (τ K ).
Polarization Efficiency
Figure 2 plots the fractional polarization per unit optical depth (P/τ ) vs A V for all of the data sets described in Section 2 along with the observations from Whittet et al. (2008) .
These data are plotted with three computed trends. For polarization in transmission P will increase with optical depth according to (Jones 1989 )
where τ P is proportional to the total optical depth, the proportionality depending on the grain alignment efficiency and the angle between the line-of-sight and the constant component of the magnetic field. The dot-dash line, labeled P max in Figure 2 corresponds to this equation for the case where the magnetic field lies in the plane of the sky (the optimum geometry) and grain alignment is maximum. The vertical location of P max is determined by the observed upper limit of interstellar polarization at K (Jones 1989) , and is equivalent to the well know relation in the visible of P max = 9E(B − V ) from Serkowski et al. (1975) . The dip in P max at very high extinction is due to the fact that P can not exceed 100%, but the The short-dash line corresponds to the fit given by Whittet et al. (2008) for field stars behind Taurus. This fit of P/τ to extinction is given by a power law:
where Whittet finds b = −0.52 ± 0.07 for all of the field stars in his sample. We notice that, in this plot, our data at lower extinctions agree with the Whittet fit. At higher extinctions there is a suggestion of a further decrease in alignment efficiency at the highest optical depths.
We had hoped to examine the polarization of background stars at K across the center of these starless cores, but selection effects have significantly reduced the available number of sources we could measure. Firstly, the extinction in the central core can easily exceed A V = 50, dimming the brightness of a star by 4.5 mag. or more at K. Secondly, the starless (Jones 1989; Jones et al. 1992 ).
The short-dash line is from Whittet et al. (2008) .
cores are typically 1 − 2 ′ across, subtending a small solid angle on the sky, greatly reducing the odds of finding a bright field star shining through from behind. Since we have so few vectors, and none at the core center, we do not plot our position angles on a map of the sky.
We do list the position angles for the sources in Table 2 . On larger scales, Klebe & Jones (1990) Pipe nebula. They model their results by assuming normal grain alignment up to a certain density, then having the grains become unaligned at higher density. In this way, the cloud is modeled as an outer shell with aligned grains and an inner core with unaligned grains.
These studies generally find that grain alignment is minimal for A V > 10 in the absence of a central source of radiation.
In this paper we seek to combine the observations of polarization in extinction with observations of polarized emission. To facilitate this effort, we used the SCU-POL legacy data (Matthews et al. 2009 ) to examine the trend of fractional polarization with submm surface brightness. We selected only those points on the sky that had P/σ P > 3. These data were taken from the Vizier catalog. However, the fluxes given in the table were given in volts and not calibrated. We obtained calibrated flux measurements manually from the 850 µm polarization maps given in Matthews et al. (2009) . We had the option of using instead of total flux. We selected the two starless cores that had a sufficient number of 3 σ polarization points to plot polarization versus extinction for the entire cloud.
We need to obtain A V estimates from the flux measurements given, and this calculation is presented in the Appendix I. We note that this calculation is crude, and the final answer We can plot the submm results on the same figure as the K band polarimetry by using the conversion of submm flux to A V outlined in Appendix I and arbitrarily sliding the data points plotted in Figures 3 and 4 vertically to line up with the K band extinction data in Figure 2 . In Appendix II we provide a simple argument why this is a valid procedure.
Although it may seem improper to directly compare polarization in transmission with polarization in emission, the trend with optical depth should be the same. If alignment is perfect with no turbulence, then the fractional polarization in emission will be constant with surface brightness (optical depth) provided the emission is optically thin, which is the case at submm wavelengths for all but the exact center for these starless cores. Thus, the submm data will plot (after vertical alignment) similar to P max in Figure 2 . If there is a 50/50 mix of constant and random components to the magnetic field, then the polarization in emission should drop with optical depth through the first few decorrelation cells as only the outer skin of these molecular cloud cores has aligned grains, then the fractional polarization in emission will simply be diluted by added unpolarized flux (optical depth) as the line of sight penetrates the core, and we have P ∝ τ −1 , as seen in Figures 3 and 4 . This is also case for P/τ in extinction, when the grains are no longer aligned, and increasing optical depth is not accompanied by increasing polarization. Figure 5 shows the results of this comparison.
A Simple Model
Whittet et al. (2008) suggest that grain alignment by radiative torques appears to best explain the data. In radiative torque theory the alignment is sensitive to the ratio of wavelength to grain size (λ/a). Reddening of the external radiation field due to dust extinction progressively removes short wavelength photons which are necessary to align the smaller grains in the grain size distribution. With progressively fewer aligned grains at greater extinction, the value for P/τ drops. Using radiative torque alignment theory, Whittet et al. find this attenuation of the external radiation field appears adequate to account for the observed polarization in starless regions for extinctions up to A V ∼ 10 mag., the limit of their calculations. This study did not include the effects of turbulence.
Combining these results and the trend seen in Figure 5 , there is now a strong indication that grains in at least some starless cores can become completely unaligned at very high 
In this scheme κ and κ ⊥ are understood to be the total extinction coefficients with contribution from all sizes of dust grains. If no grains are aligned, then κ = κ ⊥ , η = 1 and the dust can not polarize starlight.
The nominal value of η is 0.875, set by the maximum observed trend of P K with τ K (Jones 1989 and is equivalent to the well known relation in the visible of et al. (1975) . A smaller η would correspond to a higher polarizing power (not observed) and an η closer to 1 corresponds to weaker polarizing power, or equivalently, fewer aligned grains. In our modification of the JKD model, at each step in ∆τ through the cloud the value of η is no longer a constant, but is parametrized by
where η 0 = 0.875. In other words, η at low optical depths is 0.875 (maximum alignment), but increases to 1.0 at increasing optical depth (no alignment). The term controlling the decrease in efficiency is the extinction of light from the external radiation field (the e −τ factor). The free parameters are the optical depth at which η begins to decrease (τ K = 0.3) and the factor of 1.5 in the exponent. The results of these model calculations produce the solid line in Figure 5 . Note that this model includes the effects of turbulence, which accounts for the initial drop in P/τ for A V 4. In this case we are using the same parameters found in JKD, a 50/50 mix of the random and constant components with a decorrelation length of ∆τ K = 0.1 for the random component. The only modification is the variation of η with optical depth.
The JKD model is a very simplistic parametrization of the physical conditions in the -23 -ISM in comparison to the models for submm polarized emission discussed at the beginning of this section, but reproduces the main characteristics of the observations well. A simple decrease in alignment efficiency with optical depth can easily reproduce the observations both in extinction and in emission. This is a strong indication that reddening of the radiation field is very likely responsible for the decrease in P/τ with optical depth in quiescent molecular clouds.
The break point in the trend of P/τ from a slope of τ −0.5 to τ −1.0 is around A V ∼ 20, and this makes sense when considering radiative torque theory. We can ask, at what A V does the radiation that can couple to the largest grains disappear due to reddening?
To find this wavelength, roughly set τ λ = 1 and use the radiative torque condition that λ < 2a (where a is the grain radius). Based on Kim & Martin (1995) , the largest grains are a ∼ 2 µm and this implies λ RT ∼ 4µm. If A V = 20, using the interstellar extinction curve given in Rieke & Lebofsky (1985) we find A V /A λ = 20 at λ = 3.7µm, or τ λ = 1 at λ ∼ 3.6µm.
We note that the all sky Planck polarization data (Planck Collaboration et al. XIX 2014) also shows a steep decline in mean fractional polarization with 353 GHz surface brightness (translated to n H ) for neutral hydrogen column depths 2 × 10 22 cm −2 < N H < 4 × 10 22 cm −2 . This translates to 15 < A V < 30 (using N H /A V = 1.25 × 10 21 cm −2 ), which spans the range in A V for which we see the break in the slope in Figure 5 . It is difficult to directly compare the Planck results to ours, given that the Planck beam of 5 ′ does not resolve starless cores, but the slope of the mean polarization with optical depth (P/τ ) is
Conclusions
In this paper, we presented new K band polarimetry of background field stars extincted by dense starless cores. Combining our new data with that previously obtained, we found basic agreement with the power law used by Whittet et al. (2008) 
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APPENDIX I
To calculate A V in terms of the 850 µm flux F , we first determine the submm optical depth τ (ν) from the observed flux F by assuming a dust temperature T = 10 K and using the blackbody equation:
where B(ν, T ) is the blackbody function and Ω is the solid angle of the beam (for the published SCU-POL observations the beam is ∼ 20 ′′ ).
We can estimate the hydrogen column density in terms of the optical depth τ (ν) as given by Hildebrand (1983) :
where λ is the wavelength in µm (here, 850). Note that a different equation is used for wavelengths below 400 µm and that we consider N(H 2 ) = 0.5N(H).
Equation 7-18 of Spitzer (1978) relates the hydrogen column density (N H ) to the color excess:
and the extinction in terms of color excess is given by (Spitzer 1978, Eq. 7-20 )
where R V is the ratio of general to selective extinction. We use the value for the diffuse
Combining all this and solving for A V gives:
APPENDIX II
Using the notation of Jones (1989) and ignoring turbulence, we can write the net fractional polarization due to extinction as
where τ P is defined in (3) and in Jones (1989) . If η varies along the line-of-sight, we can write
If τ P is small, as is the case for the few percent polarization we measure for background field stars, then P ∼ τ P and the 'efficiency' in the K band is
Note that τ at K can be very large, even if τ P is not.
In emission we have, again, ignoring turbulence (Dennison 1977 )
where B is the blackbody function. Noting that τ = τ + τ P and τ ⊥ = τ − τ P we can express the polarization in emission by
If the emission is optically thin at Submm wavelengths (both τ and τ P are small), we have
The proportionality on the right is not an equality because the extinction efficiencies are wavelength dependent. Also, the proportionality on the right assumes that the grain population causing the polarization in extinction is the same is the grain population causing the polarization in emission. We recognize that this has not been established by observation, and is possibly incorrect along some lines of sight (Lazarian et al. 1997) . If this assumption is valid for L183 and L43, we can write
Since we have already established the relationship between optical depths at Near-IR and Submm wavelengths in Appendix I, we use this proportionality to justify the vertical scaling of the Submm polarization in Figure 5 . For L183, the scaling factor is P K /τ K = 0.054P Submm and for L43 the scaling factor is P K /τ K = 0.032P Submm . These scaling factors are not equal due to differences in the angle the constant component makes to the line-of-sight, differences in the dust temperature used in (4), or differences in other assumptions we have made. Klebe & Jones (1990) ; (3) J from LBT; (4) unpub.
